While genetically modified technology has been investigated extensively, few studies have examined the actual price impact of genetically modified grain contamination events. This paper contributes to the literature by examining the price effects of multiple genetically modified contamination events in the U.S. corn market. Using the relative price of substitute method and time-varying cointegration, we identify two primary structural breaks most relevant to the corn contamination events, StarLink and MIR162 events. Our results support the StarLink's large effect on corn prices found in the literature, but the price effect attributed to MIR162 is less clear. The break in prices near the MIR162 event, which was attributed to China's rejection of the contaminated corn, emerged three months prior to import ban. The magnitude of the price change was influenced by changes in U.S. corn and sorghum supply, and EPA's proposed reduction of the ethanol mandate. Expansion of sorghum exports and subsequent increased corn production also likely kept pressure on corn prices. While China's import ban on MIR162 and DDGSs may have resulted in delayed and cumulative changes in prices, evidence suggests the subsequent downturn in the U.S. corn market was more likely influenced by other domestic supply and demand changes.
Introduction
Since 1996, genetically modified (GM) corn varieties have been commercially available. The desired traits of genetically modified organisms (GMOs), including time-and cost-efficiency, insect (or bacteria) resistance and herbicide tolerance characteristics, have stimulated their adoption by producers. The adoption of GMOs has significantly increased supply and lowered production costs. The potential benefits of GMOs to producers, consumers, and the environment are large, although controversy on commercial production and marketing of GM foods has increased, especially in Europe and Asia. Several countries have banned or cancelled/rejected U.S.
grain exports due to health concerns (Gadsby 2001 p.5; Global Research News 13 November 2014; BBC 20 December 2013) , resulting in potential losses to U.S. corn producers.
The purpose of this paper is to examine the price impacts of multiple GM corn contamination events in the U.S. markets. Contamination can result from mixing approved and unapproved crops in the market channel and by comingling seeds. GeneWatch UK has identified ten GM corn contamination events. They are listed chronologically in Table 1 (and described in more detail in the Appendix). Most of these events were small in magnitude, received little attention in the press, and we expect them to have had little impact on U.S. corn market. The two primary exceptions are the StarLink and MIR162 events. StarLink corn was developed by Aventis CropScience, a multinational company based in France. This variety was approved only for feed and non-food industrial uses, and not intended for human consumption due to its uncertain health effects. In September 2000, StarLink accounted for 0.5 percent of U.S. total corn production when the Washington Post reported that some taco shells containing a StarLink corn protein were sold in retail stores. This led to a recall by Kraft Foods, a manufacturer of nearly 300 food products. In October 2000, a second recall was required as taco shells from Safeway food stores were found to contain traces of a StarLink protein. Carter and Smith (2007) investigate the price effects of the StarLink contamination event, finding that U.S. corn prices were reduced by nearly 6.8 percent for at least a year.
MIR162 is Syngenta's biotechnology product that contains a Bt protein toxic to a variety of corn pests. It is approved in major markets including the EU, with the exception of China. In November 2013, China rejected grain containing MIR162 traits from the United States, and later officially announced a ban on all MIR162 grains. Starting in November 2013, China rejected more than 850,000 metric tons of U.S. corn containing the MIR162. According to a National Grain and Feed Association (NGFA)'s analysis in April 2014, this trade disruption cost the U.S. corn, distiller's dried grains (DDGS) and soy sectors between $1 billion and $2.9 billion in economic losses. Syngenta has been sued by Cargill, American corn farmers, and others citing financial damages due to the import ban. Since China is the third largest U.S. corn importer, the MIR162 event could have significantly affected the U.S corn market.
To date, considerable research exists on price premiums that consumers are willing to pay for non-GM food rather than GM food, and on economic welfare effects of the introduction of GMOs into the food chain (Bullock and Desquilbet 2002; Phipps and Park 2002; Cases and de Lorenzo 2010) . Fewer studies are available on the potentially important negative effects of GMO contamination on actual market prices. To our knowledge, there are only two studies on pricing effects of GMO contaminations (Carter and Smith, 2007; Li et al., 2010) . Carter and Smith (2007) investigate the price effects of the StarLink contamination event. Using a relative price substitute (RPS) method and the Bai-Perron test, as identified earlier, they find that StarLink contamination reduced U.S. corn prices considerably for at least a year. Following Carter and Smith's (2007) approach, Li et al. (2010) examine the impact of a GM rice contamination event, LL601, on prices and volume marketed in the U.S. and Thailand, the major rice export competitor. They find a significant but brief effect of GMO contamination in U.S. rice market that persisted for less than a month.
Here, we use two primary methods to assess the impacts of multiple GM contamination events in the U.S. corn market. Both examine the relative price relationship between corn and its close substitute sorghum. First, we follow Carter and Smith (2007) and perform a Bai-Perron structural break test. While the Bai-Perron structural break test is designed for multiple-break situations, it assumes no shifts in the underlying time series. In the presence of multiple events, a price series is likely to experience multiple breaks which could shift the series. As a result, we also adopt a timevarying cointegration procedure that has been used to examine the impact of multiple Bovine Spongiform Encephalopathy (BSE) events (Jin, Power and Elbakidze 2008) . The time-varying cointegration procedure allows shifts in the cointegrated relationship but is unlikely to provide precise break dates as the Bai-Perron test. These two procedures complement each other in terms of investigating the multiple-break situations, and consistency in the findings is used to establish the primary events. We also examine time lines, and relate price movements to changes in market variables to strengthen the analysis. We identify two structural breaks relevant to the StarLink and MIR162 contamination events. Our results support the StarLink's large effect on corn prices, but the effect attributed to MIR162 is less clear. Isolating the effect of the MIR162 event is complicated because other influential market changes occurred near the MIR162 event. Our findings highlight the need for careful assessment of contamination events in agricultural markets.
Data and Methods

Data
We examine corn and sorghum cash prices from January 3, 1989 to April 1, 2015. The data are average daily processor bids on the Central Illinois and Texas Gulf markets, which are considered the most liquid for corn and sorghum, respectively. The data are obtained from the Agricultural Marketing Service (AMS) USDA and Commodity Research Bureau (CRB).
1 Because AMS only started collecting sorghum daily bids in the Texas Gulf after January 2000, the prices before 2000 are obtained from the CRB.
Methods
The impact of events on commodity prices are commonly examined by structural break tests (e.g., Carter and Smith, 2007; Jin, Power and Elbakidze, 2008) . We employ two structural break tests, Carter and Smith (2007) propose the RPS method to identify the price impact of a market event, which avoids specifying supply-demand structural models. The RPS method involves structural break tests to the relative price of two substitutes under the assumption that the event significantly affects only one of the substitutes. In the absence of a market event, relative prices are assumed stable, because the two substitutes are cointegrated. In this context, one can specify a stable relative price prior to an event using,
where 1 / 2 is the relative price of corn and sorghum in period t, ut is a stationary random variable, and Xt denotes supply and demand shifters. Since we consider a stationary relative price, Xt can be excluded. We then test for shifts in the parameter during the event to identify the price impact.
When the number of possible break points is unknown, the problem of identifying structural breaks can be complicated. In this case, if the series is stationary around a small set of discrete breaks in its unconditional mean, one can apply Bai and Perron (1998) test. This test provides both the number and location of the breaks by searching for the maximum F-statistics among all possible break points. In effect the Bai-Perron is sup-F test, which is the maximum value of the Chow (1960) test. We use the Bai-Perron tests for a change in in equation (1) and report the significance and timing of the event. However, the Bai-Perron tests forces the parameter shifters to be discrete. In other words, it forces the structural changes to be sharp. If the mean relative price shifts gradually, the Bai-Perron tests can generate an imprecise estimate of the timing (Enders and Holt, 2012) .
Time-varying Cointegration
The time-varying cointegration (TVC) method also identifies structural changes in cointegrated time series but it does not force structural change to be as sharp as the Bai-Perron test. As we can see from Figure 1 , the log relative price does not appear to be piecewise stable, which may reduce the power of the Bai-Perron test. The TVC method can capture gradual changes in the cointegrating relationship, as long as the two price series are cointegrated over the entire period. Similar to the RPS method, the TVC method can only detect structural breaks caused by an event that affect only one of the price series (or affect the two price series in significantly different ways). However, the TVC method is unlikely to report as precise break dates as the Bai-Perron method, because it must be estimated without knowledge of the appropriate VECM specification.
TVC methods aim to test for parameter constancies or cointegration instabilities (Juselius, 2006) . Cointegration instabilities are defined as switching between rejecting and failing to reject the null hypothesis that at most r vectors are cointegrated. Here, we employ the Johansen test (or trace test) in a forward recursive manner (Mjelde, Bessler, and Jerko, 2002; Jin, Power, and Elbakidze, 2008) . To use the TVC method, prices series are I(1) and cointegrated in the long-run.
Any non-stationary series that are cointegrated may diverge in the short-run. Such a deviation from equilibrium suggests a possible structural break, which is discernible in the Johansen trace test graph. The trace test is commonly used for recursive cointegration test and is expressed as,
where T is the total number of observations, is the estimated eigenvalues of the sample variancecovariance matrices (see Johansen and Juselius, 1990) . Suppose there are series of interest. The null hypothesis of the trace test is that the rank of is less than or equal to r cointegrating vectors.
If trace test statistic is greater than the critical value, we reject the null hypothesis.
The procedure is divided into several steps. After determining whether the prices are nonstationary and cointegrated, we generate a series of recursive trace tests. To do this, we need to decide appropriate number of observations, n, within a fixed-rolling-window time frame. A large number of observations will approximate the long-run cointegrating relationship, but may not detect short-run deviations or structural breaks. We explore the sensitivity of the results to different window sizes. Then, we calculate the first trace test from the first n observations. Subsequently, we add a new observation and drop the first observation to maintain the number of observation fixed and recalculate the trace test. This process is continued to the end of the period. Trace statistics are normalized by dividing them by the appropriate critical value. When the null hypothesis is rejected, the normalized trace statistic is greater than one by definition. For two cointegrated series, the normalized trace statistic is equal to the trace statistic divided by the 5% critical value of the null hypothesis that the rank is equal to zero. A normalized trace statistic falling below one signals that a structural shock causes the two series to diverge. Table 2 presents the summary statistics of corn and sorghum cash prices and the log relative corn prices from January 3, 1989 to April 1, 2015. Table 2 
Empirical Results
Summary statistics
Relative price of corn and sorghum
The corn prices are generally lower than the sorghum prices ( Figure 1 ). Recall that corn prices are measured at the farm level in Central Illinois while sorghum prices are port prices. Hence, sorghum prices include transportation costs from farms to the port but corn prices do not. For the periods identified (Table 2) Finally, after 2013, the log relative price dropped sharply as corn prices declined. In 2013, several major events occurred in the corn market, such as record-high corn production, EPA's proposal for reducing ethanol proportion, and MIR162. We provide further details in the discussion section.
Prior to performing the analysis, we assess the stationarity of the series. Using the Augmented Dickey-Fuller (ADF) test, it is clear in Table 3 that the log prices are non-stationary and the log relative price is stationary. The log relative test in effect measures the long-run relationship between corn and sorghum prices were cointegrated with a (1, -1) cointegrating vector.
Specifically, the form of the cointegration between corn and sorghum prices is
where denotes the log price of corn, denotes the log price of sorghum and zt is a stationary error term. We test the log prices and the log relative price for the period prior to 2000 and for the entire sample period, shown in Panel A and B. Table 3 Panel A suggests that the log relative price is stationary and therefore that corn prices and sorghum prices were cointegrated prior to 2000.
We also utilize other unit root tests for both levels and first differences, including Phillips-Perron, Zivot-Andrews and KPSS tests. Results are consistent with the ADF results in Table 3 . However, the magnitude of the second break is smaller than the first one, and more importantly occurs six to nine months prior to the news release of the contaminations in 2002 (Table 1 ). In terms of the timing, we conclude that StarLink caused the first structural break in July 2000.
Structural break tests
In Panel C, the Bai-Perron test also detects a structural break in September 2013, near but just prior to the MIR162 event. Examination of Figure 1 also shows a pronounced decline in 2013 that is identified as a structural break. Specifically, the structural break was detected on 9/25/2013, which was slightly before the MIR162 import ban at the end of November 2013.
The TVC structural break test can be understood with the context of a vector error correction model (VECM) of corn and sorghum prices. The VECM is expressed as, As discussed, change of cointegrating relationships over time can identify the timing of structural breaks. In the long run, the rank of the impact matrix is 1, which means corn and sorghum prices are cointegrated. When a market shock makes the two price series diverge, the rank of the impact matrix becomes zero. The change of the impact matrix rank can be easily observed when the normalized trace statistic (Trace statistic/critical value) falls below one. We generate the normalized trace tests using 2-, 4-and 8-year rolling windows for the number of observations but focus on the results of the 4-year. 3 We find similar general patterns for these tests with the sensitivity of the normalized time-varying trace statistics changing according to the size of the rolling window. The wider the window, the more stable the cointegrated relationship between corn and sorghum prices. We provide the 4-year rolling-window results as they allow for deviations from cointegration, which most clearly reflect the GM market events. During this period, in 2012, drought damaged portions of major corps in the Midwest, especially corn and soybeans. Sorghum production was relatively less affected, because sorghum is more drought-tolerant than corn. Consequently, the farm price of corn increased proportionally more than the sorghum price, keeping corn and sorghum prices apart. At the end of this period, prices moved toward cointegration, but on 3/6/2013 a last sharp drop in corn prices sent the normalized trace statistic below 1 (also see Figure 1 for the decline in corn prices). Apparently, there was no change in this situation near the end of November 2013, the beginning of MIR162. Starting at the end of November 2014, corn and sorghum prices became returning to their long-run relationship that was reached in April 2015.
Discussion
In evaluating the findings relative to the contaminations, we look for consistency in the test results Major market events are identified by vertical lines. Figure 4 provides the monthly U.S. corn and sorghum exports to China. Figure 5 shows the monthly U.S. corn exports to its top 5 buyers and provides a measure of their purchases. Table 5 Total supply in the first quarter of 2014/15 (i.e., September-November 2014) marketing year was substantially larger than early marketing years (Table 5) . However, despite large production and an earlier drop in relative prices, corn prices actually increased from October 2014 to January 2015 (slightly more than sorghum prices). On December 22, 2014, Syngenta confirmed that China officially agreed to accept imports containing MIR162; a decision rumored for several weeks.
Following the removal of the ban, prices stabilized and a long-run cointegrating vector re-emerged.
Part of the difficulty in interpreting the relative price ratio during this period is that China and other buyers changed their purchasing patterns in the international market. In August 2013, China began to import U.S. sorghum, and then increased its imports significantly after it officially banned MIR162 ( Figure 4 ). In 2014, U.S. sorghum exports to China exceeded U.S. corn exports by 6 million metric tons (i.e. 237 million bushels), as China became the largest U.S. sorghum importer. such as Egypt, Morocco and Tunisia, were on track to import a record amount of U.S. corn, even though they usually can buy grain less costly from Ukraine.
Concluding Remarks
According to a National Grain and Feed Association (NGFA)'s analysis, China's ban on genetically modified (GM) grain cost the U.S. corn, distiller's dried grains (DDGS) and soy sectors between $1 billion and $2.9 billion in economic losses. This GM grain, MIR162, was developed by Syngenta. The company has been sued by Cargill, American corn farmers, and others citing financial damages due to the import ban. Since China is the third largest U.S. corn importer, the MIR162 event could have significantly affected the U.S corn market. This disruption is an example of the consequences that GM contamination events can produce and point to the need to increase our understanding of their market effects.
This paper investigates multiple GM corn contamination events to examine changes in the price effects of GM corn shocks. Since corn and sorghum are close substitutes, we implemented two approaches to detect structural breaks caused by GM corn contaminations: (1) the RPS approach proposed by Carter and Smith (2007) , which examines the relative prices of two substitutes using the Bai-Perron test, and (2) a time-varying cointegration method applied by Jin et al. (2008) . We use these two tests to detect structural changes in the relative prices and compare these breaks to the reported corn contamination events. The presence of a structural break on dates near events Detailed time-line investigation of the MIR162 event revealed that multiple major changes in corn and sorghum markets occurred, causing corn prices to decline three months before China's ban. A record corn harvest and reductions in ethanol mandates put strong downward pressure on corn prices. In contrast, sorghum experienced droughts and record exports increasing prices and putting added downward pressure on the corn to sorghum price ratio. While China's ban on U.S.
corn and later rejection of DDGS shipments may have had a delayed cumulative effect on corn price, other buyers entered the market to absorb U.S. exports and support corn prices. Later, a second record corn harvest put added pressure on the market and deepened the decline in price.
Rumors in the weeks immediately before the announcement of the ban's removal appear to have modestly lifted corn prices, but this change was small when compared to the decline in prices that began in September 2013. Following the removal of the ban, prices stabilized.
While contamination events can have large price effects, not all events lead to measureable and significant price change. Identifying the price effects of contamination events in internationally traded agricultural markets is complicated by a variety of factors including the sensitivity of the procedures, changing stochastic supply, and the easily accessible global-nature of markets which allow users to enter and exit quickly and to substitute lower priced grains. Here, our results support StarLink's large effect on corn prices, but the large effect attributed to MIR162 is less clear with much of the price decline appearing to be driven by more fundamental supply and demand factors.
Research in the future must be aware of the difficulties in isolating contamination-price effects in internationally-traded agricultural commodities, particularly for commodities with a variety of substitutes.
(6) The Union of Concerned Scientists in 2004 reported widespread GM contaminations of as much as 1% in non-GM maize, oilseed rape and soybean seed. (10) In December 2013, China refused delivery of 545,000 tons of U.S. corn because it contained an unapproved GM strain, MIR162, which was mixed with corn imports. ∆PC and ∆PS are the first difference of log corn price and log sorghum price, respectively. Note: Maximum number of breaks set to six and minimum regime size to 5 % of sample. Robust standard errors with AR(1) prewhitening used for all tests (Bai and Perron, 1998 Note: The ratio of log corn and sorghum prices is also called the relative corn price in this paper. Note: Exports reflect the physical movement of grain.
Source: Feed Grains Database, ERS, USDA
